In the development of extreme ultraviolet (EUV) light source for EUV lithography systems by laser-produced plasma (LPP), mass-limited targets such as a micro-droplet were considered as promising targets for debris mitigation. In our study, the dynamics of debris from the tin (Sn) droplet target was investigated in order to establish the guideline for the optimum design of the mitigation system. The Sn micro-droplet targets used in the experiment were made with a help of pulsed-laser. The behaviors of the Sn atoms from the droplet target irradiated by the Nd:YAG laser were investigated using the laser-induced fluorescence (LIF) imaging method. Sn atoms were observed even from a small amount target such as several ten μm droplets, indicating the droplet of this size was not ionized completely by the single pulse of Nd:YAG laser. Furthermore, the ablation dynamics of the irradiated droplet was observed by a high-speed time-resolved imaging camera simultaneously with the LIF imaging.
Introduction
The extreme ultraviolet (EUV) light source at 13.5 nm has been developed for the next generation optical lithography below the 32 nm technology node. In a practical EUV lithography system, it is said that an average EUV power of 180 W in 2 %-bandwidth around 13.5 nm at the intermediate focus is required. 1) EUV light sources have been under development based on the laser-produced plasma (LPP) or the discharge-produced plasma 2) . In the case of LPP, the tin (Sn) plasmas produced by the Q-switched Nd:YAG lasers at a wavelength of 1.06 µm or by the CO 2 lasers at a wavelength of 10.6 µm have been considered to be the most promising EUV light source 3, 4) . Sn plasmas can produce a high in-band conversion efficiency (CE) at 13.5 nm. However, Sn plasmas also generate debris that damages collector optics and limits the lifetime of the optical system. In addition, a practical EUV lithography system using LPP must be operated at high repetition rate for a sufficient average EUV power 5) . Therefore, a mitigation of the debris is of importance for the development of the high repetition rate EUV lithography system. Although several methods have been developed for the debris mitigation 6, 7) , the fundamental and general approach is the use of a minimum amount of Sn that can still provide a sufficient EUV power. This type of the Sn target is called as a mass-limited or a minimum-mass target 8, 9) . In fact, we have demonstrated that the minimum-mass target made by a Sn thin film target is effective in producing the clean plasma that emits few neutral atoms 10) . One of the most promising structures for a minimum-mass target considering the target provision at high repetition rate is the Sn droplets with a size of several tens of micrometers in diameter. However, the ablation dynamics of the laser-irradiated Sn droplet has not been well understood. Ablation dynamics, including the spatial distribution and the expansion speed of the ablated species, the characteristics of the vaporization and so on, is required not only for the optimization of the mitigation system, but also for the optimized operation of an advanced LPP system based on a double pulse irradiation 11) . In this report, we describe the ablation dynamics of a Sn droplet irradiated by a Nd:YAG laser pulse. The Sn droplet targets used in the experiment were made with a help of a pulsed-laser irradiation. The spatial distribution of the Sn atoms from the Sn plasma was visualized by the laser-induced fluorescence (LIF) imaging method. Furthermore, the temporal behavior of dense ejects were visualized in synchronized with LIF imaging using a high-speed framing camera in single ablation event.
Experiment

Generation of the micro-droplet target
The Sn droplet targets used in the experiment were made by two kinds of methods with a help of pulsed-laser. In one of the methods, a Sn thin film which was deposited by thermal evaporation on a glass substrate was gently irradiated by a Nd:YAG laser (Spectra-Physics GCR-290, 8 ns) at a wavelength of 1.06 μm from the backside through the glass substrate. Sn droplets were automatically generated with a help of the surface tension of the molten Sn film, and were collected on a glass substrate placed at 1 mm below the thin film. In another method, a Sn plate was simply ablated by the Nd:YAG laser beam and the molten droplets ejected from the Sn plate were also collected on a glass substrate. The former is suitable for making the droplets of smaller than 15µm in diameter, and the droplets of larger than 20µm are made by the latter method. Fig. 1 shows the scanning electron microscope (SEM) images of the droplet collected on the glass substrate by the former method. In this case, the droplet of 15.8 μm in a diameter was generated from the Sn thin film with a thickness of about 2.3 μm. Then, the generated droplet was picked up under an optical microscope and attached on a polyamide fiber of 10 μm in a diameter as a target for laser irradiation.
Kinetic behavior of debris from Sn plasma
The experimental setup for investigation of the debris is shown in Fig. 2 . It consists of a Nd:YAG laser (Continuum Powerlite8000) as a driver laser, a vacuum chamber with a target holder, and time-resolved two-dimensional LIF imaging and shadowgraph imaging systems. An output energy of the Nd:YAG laser was 1 J with a Q-switched pulse of 8 ns in FWHM at a wavelength of 1.06 μm. The laser intensity was estimated to be 5×10 11 W/cm 2 . In the present study, the droplet target attached on the fiber was mounted on the target holder. The Nd:YAG laser beam hits the target surface perpendicularly. The chamber was evacuated at a pressure of 10 -3 Pa by a vacuum pump. In the LIF imaging for Sn atoms, a planar sheet laser beam from a tunable dye laser (Spectra-Physics Sirah) pumped by the third harmonics of a Q-switched Nd:YAG laser (Spectra-Physics LAB-150) was passed in the plane of the target. More detailed information about LIF imaging has been described in the previous report 10) . The shadowgraph images were captured by a high-speed framing camera (Hadland Photonics Ltd. Imacon468) with a back-light from a cw laser diode (Sacher Lasertechnik littrow TEC-120) at a wavelength of 848 nm. The camera was triggered by the pulse generator in synchronizing with the LIF system and the gate width was set to 100ns. Fig. 3 shows the temporal changes in the spatial distribution of Sn atoms at different delay times after laser irradiation from the droplet target, where the droplet size was 30 μm in a diameter and the position of the target before the laser irradiation is center of the image. In this experiment, since the beam spot size of the Nd: YAG laser was approximately 100 μm in a diameter, which was larger than the droplet target, a part of the beam passed outside of the target. Sn atoms were observed even from a micro-droplet target and emitted in all direction from the target. The kinetic speed of the Sn atoms was estimated to be approximately 20 km/s from the outer size of the Sn plume and the delay time with the image of 400 ns delay.
From the result, we considered the emission process of the Sn atoms from a droplet target as follows.
The laser-produced plasma is generated at the target surface with the laser irradiation as shown in Fig.4 and then the ions and atoms are emitted from the irradiated surface. The atomic distribution in the direction shown by the solid arrows in Fig.4 was governed by the curvature of the target surface and irradiation angle of the laser beam. In the experiment, on the other hand, the Sn atoms were also distributed in the rear, as shown at the left hand side of image in Fig.3 . It is considered that these Sn atoms are emitted by the plasma in the direction shown by the broken line arrows in Fig.4 .
The behavior of the molten Sn particles in the bright spot was visualized by the high-speed framing camera simultaneously with the LIF imaging. Fig.5 shows the photograph of the droplet target on the fiber observed before laser irradiation. The diameter of the droplet was 30 μm. The Nd:YAG laser beam was irradiated onto the droplet from the right hand side of the photograph. Fig.6 shows the spatial 10 μm Fig.1 SEM images of the generated droplet onto the slide-glass with increasing the pulse energy. distribution of the particles form the Sn droplet target on the fiber at different delay times after ablation. In the image of the delay time of 0 ns, only the plasma radiation was observed. The fiber that sustained the droplet was cut instantaneously by the plasma. After 100 ns, the dense particles, that may consisted of small molten Sn particles, moved to the left hand side of the image with spreading due to the reaction of the plasma expansion and the drift velocity was estimated to be approximately 500 m/s. For reference, it was confirmed that the particles in Fig. 6 was not from the fiber, but from the Sn droplet, by comparing the images with and without the Sn droplet on the fiber.
Conclusions
The ablation dynamics of the Sn micro-droplet for EUV lithography source was investigated by the LIF imaging system and the shadowgraph framing system. The droplets of several 10 μm were generated with a help of a pulsed-laser irradiation. A droplet was attached on a thin fiber and used as a target for the plasma production. It was revealed that the Sn atoms are ejected in all directions with a speed of about 20 km/s by LIF. By the high speed framing camera, on the other hand, it was found that the molten Sn particles remained without vaporization. The molten Sn particles flied by the reaction of the plasma expansion and the moving velocity was estimated to be approximately 500 m/s with spreading. These results provide the useful information for the mitigation of debris and the optimization of EUV light sources using droplet targets.
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